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EXEQUTIVE SUMMARY

drgr
."
AN

The objective of this project was to provide the US Environmental
Protection Agency (EPA) data necessary for nationwide approval of the
FACTS test procedure for determining free available chlorine for “"National
Interim Primary Drinking Water Regulations" (NIPDWR) compliance
monitoring. Based on the minimum requirement for NIPDWR nationwide
approval comparability testing, a detailed protocol was developed and
. testing conducted.
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In all, 16 water treatment plants cooperated in the equivalency
testing., Ten compared the FACTS test to the DPD, and six compared the
FACTS test to the amperometric titration. The range of concentrations
obtained for the FACIS and DPD comparison was from 0.4 to 2.3 mg/L as
B Cly; the range for the FACTS and amperometric titration comparison was
5 from 0.55 to 2.7 mg/L as Clp. At most treatment plants a
. prechlorination and postchlorination site were used in the testing.
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Sixty samples were analyzed at each plant, yielding 192 data points
; per plant. Forty-eight of these samples were paired comparisons of the
g FACTS with either the DPD or amperometric titration. The paired

N2 comparisons were randomly assigned to two operators, at two sites (where

S possible) for each plant. For the remaining twelve samples, six for each

,. operator, four replicate analyses were run using each method.

The data summary for the comparison between FACTS and DPD is shown in
Figure 1 and in for the comparison between the FACTS and amperometric

e titration in Figure 2.

3‘-3:: No statistical difference was observed in the analysis of the summary

o data. Results are summarized in the report for the individual water

o treatment plants. The report details the results for the comparison of

) FACTS and DPD, and of FACTS and amperometric titration.

gy

T As a result of these tests the EPA has approved the FACTS test

[-. - procedure for compliance monitoring of free available chlorine at water

%: treatment plants.

ALY

“’i It is recommended that the US Army review the requirements for a free

v available chlorine test for field use. Consideration should be given to

'\fi: adopting the FACTS test procedure for field Army use, because of its

- superior specificity for free chlorine, its equivalency to the presently

_.“ used DPD test, and its availability in test kit form.

')

1

a

In addition to the protocol development and equivalency testing of

o

the FACTS test procedure, a study was conducted to compare several

IS4 : .4, . . A
TS instrumental methods for determining chlorine in drinking water. It was
-Q: concluded that the total chlorine analyzer was analyst independent and is
) : capable of monitoring chlorine continuously. This has potential
4 Q applications in water purification units where chlorine is added as the
P disinfectant and can be used to monitor and control chlorine.
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Figure 1.

—

1.0 1.5 Z.0 2.5

FACTS (mg/L as Cl,)

Camparison of Means for FACTS and DPD Test Procedures for

Free Available Chlorine Cbtained at Ten Water Treatment Plants.
Reprinted from JOURNAL AWWA, Vol. 75, No.12

(December 1983), by permission. Copyright® 1983,

The American Water Works Association.
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INTRODUCTION

Chlorine is used in water and wastewater treatment for various
purposes. Of these uses, the most common are taste and odor control '
ocolor removal, and disinfection in drinking water, and disinfection in
wastewater treatment.

There are numercus methods for determining chlorine residuals in
aqueous solutions (1,2). Briefly, these include the iodometric titration,
amperometric titration, and several colorimetric procedures. The
iodometric titration is limited to total residuals above 1 mg/L as Cl,.
The amperometric titration is capable of differentiating free chlorine
(HOC1/0C17), monochloramine (NH»Cl), and dichloramine (NHCl;) and is
generally the method of choice in the laboratory. Field measurements are
limited by the complexity of the instrumentation. The colorimetric
determinations, which find application in both the laboratory and the
field are the DPD (N,N-dlethyl-?phenylenediamine), LV (leuco crystal
violet) and FACTS (free available chlorine test with syringaldazine)
procedures.

More recently an electrode method has bren published which was
reported to be selective for HOC1 (3).

All test procedures used for National Interim Primary Drinking Water
Regulation (NIPDWR) compliance monitoring must be approved by the U.S.
Environmental Protection Agency (4). Collaborative testing of each
procedure is required for inclusion in Annual Book of Standards, Part 31,
Water, of American Society for Testing and Materials (ASTM) (2), and
Standard Methods for the Examination of Water and Wastewater (Standard
Methods) (1).

The U.S. Army Medical Biocengineering Research and Development
Laboratory has been involved in the evaluation of chlorine residual test
procedures and the development of a colorimetric test for chlorine
residuals, FACTS, free available chlorine test with s _yrmgaldazme. It
has been shown that the FACTS test procedure is more specific for free
chlorine in the presence of common 1nterferences, NH,Cl, NHCl,,
mnt4 and Fet +3 than is DPD (5-15). However, prior to this research
the FACTS procedure had not been approved by EPA for use in drinking water
and had never been subjected to an extensive collaborative comparison.

This report presents the results of the comparison of the FACTS test
procedure and the approved standard test, DPD. Data are also included
showing the comparison of the FACTS test procedure with amperometric
titration.

OBJECTIVES

1. To compare several instrumental methods for determining chlorine
residuals in drinking water.

2. To develop a detailed protocol for equivalency testing of methods
for drinking water.

3. To obtain equivalency test data from a minimum of six water
treatment plants using the FACTS test kit procedure and
approved methods.
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METHODS AND MATERIALS

The instrumental methods that were compared are described in detail
ol in Appendix A. A detailed discription of the methods and material used
in this study are provided in the Appendices. The main objective of

Y study was to compare the FACTS test procedure, the FACTS® test kit was
P the HI FACTS Test Kit for Measuring Free Available Chlorine, obtained
s from Ames Division, Miles Laboratories, Inc., P.O. Box 70, Elkhart,

- Indiana 46515. The DPD or amperometric procedure normally used at each
plant participating in this comparison served as the standard test
procedure.

RESULTS AND DISCUSSION

o As a portion of our overall evaluation of chlorine test procedures,
b~ several instrumental methods for determining chlorine residuals in

: drinking water were evaluated. The results of this experimentation have
been published and are detailed in Appendix A (16).

A detailed research protocol was developed, which when followed
-:.‘_-: provides sufficient data for the comparison of analytical procedures for
o determining free chlorine in aqueous samples. This protocol has been
' published and is reproduce in Appendix B (17).

1 &

ok The experimental design (17) was tested using the FACTS, DPD and
L

amperometric test procedures. Ten water treatment laboratories part-

:",:'.- icipated in the comparison of the FACTS and DPD, and six laboratories
NN participated in the comparison of the FACTS and the amperometric
titration. The results have been published, Appendix C (18), and the
v FACTS test has been approved as an alternate test procedure for
determining free chlorine, Appendix D.

A study has recently been reported that details the kinetics of
e monochloramine oxidation of DPD (19) and confirms the previous studies
e (5-13). From the kinetic expressions it was shown that the

C) monochloramine interference with the DPD test is dependent in pH,
monochloramine and DPD concentration. An average of 5.8 percent per
- minute interference was calculated for the DPD colorimetric test as

e described in Standard Methods (1).
o CONCLUSIONS
*‘ The objectives of this project were achieved. A detailed protocol
o was developed that cdan be used for comparison testing of new water
-.-:.- quality test procedures. This test plan was designed to meet the minimum 1
Tet requirements of the USEPA for equivalency testing of new methods for
WO compliance monitoring.
4 T <
.' Subsequent to the protocol development, an extensive test of the
oy FACTS test was conducted at 16 water treatment plants. From the results
e of these tests it was shown that the FACTS test was equivalent to the DPD
[ test and the amperometric titration procedure. The test also demonstrat-
Xty ed that the FACTS test kit procedure had precision equal to the DPD test
Pt procedure.
& 6
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In conclusion the FACTS test has been shown to be equivalent to the
DPD test. The FACTS test procedure is more specific for free chlorine that
the DPD test presently authorized. Therefore, when chlorine is the only
treatment of water prior to consumption, e.q. field Army operations, the
FACTS test for free chlorine is superior to the DPD test procedure.

RECOMMENDATIONS

1. An evaluation of the present Army standard procedure for determining
available chlorine for the field Army should be initiated.

2, The FACTS test procedure should be considered as a replacement for the
Army standard procedure for free available chlorine for field Army.
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APPENDIX A*

William J. Cooper
M.F. Mehran
R.A. Slifker

D.A. Smith
J.T. Villate
P.H. Gibbs

COMPARISON OF SEVERAL INSTRUMENTAL METHODS
FOR DETERMINING CHLORINE RESIDUALS IN DRINKING WATER

Reprinted from JOURNAL AWWA, Vol. 74, No, 10
(October 1982), by permission.
Copyright® 1982, The American Water Works Association

* Note: This Appendix A includes Tables 1 - 12,
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-~ william J. Cooper, M.F. Mehran, R.A. Slifker, D.A. Smith, J.T. Villate,
g and P.H. Gibbs
-‘: The authors evalusted four methods for determining chiorine residuals in water. Two = 1.0 mg L, then by substitution into and
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The realization that the use of chiorine
can produce halogenated organic com-
pounds in drinking water has emphasis
on research regarding the chlorination
process.’* This increased emphasis has
also resulted in additional studies of the
analytical determination of active chlo-
rine in aqueous solutions. Numerous
methods for the determination of hypo-
chlorous nc:d hypochlonte ion, mono-
chlor and nitrogen
trichloride (HOCL, OCI", NH,Cl, NHCI,,
and NCI;} have been presented in Ston-
dard Methods® and evaluated else-
where.s9 New methods utilizing mem-
brane electrodes. which are reported to
differentiate between HOC| and OCI", 1012
have been developed. Potentiometric
electrodes™ and an automated ampero-
metric method'#'%also may be used in the
analysis of total residual chlorine. The
objective of this study was to evaluate
two thembrane electrodes. a potentiomet-
ric electrode. and a total chlorine analyzer
for determining chlarine residuvals in
water,

Experimental procedures

™ Two brane
amperometric electrodes. obtained from

a 110-V power source, with the electrode
attached to the meter at all times to
maintain stability. Calibration was
checked daily by preparing a solution of
acetate buffered (pH 4) HOCL. (The chlo-
rine solutions were prepared by diluting
reagent grade sodium hypochlorite. The
buffer solution was prepared by diluting
146 g sodium acetate and 480 g acetic acid
to 1 L.) The concentration of HOCl was
determined by amperometric titration.

The specific operating directions for
the membrane electrodes were as follows:

® Membrane electrode A*

1. Determine the pH of the sample.

2. Place 150 mL of the sample in a 180-
mL. tall form beaker. and place the beaker
on a magnetic stirrer. (Shake the electrode
to dislodge air bubbles when placing it in
the test solution.)

3. Lower the electrode into the sample
until it almost touches the bottom of the
beaker, and turn on the stirrer {a stirring
bar is built into the electrode)

4. Take a reading on the appropriate
scale—0-1, 0-5, or 0~10 mg Cl, L.

5. Calculate the actual free chlorine by
using the following equation:

k, =fH11oc] o

[HOC) +[OCl']=1.0mg-L~03Img L=
1.33 mg:L.

® Membrane electrode Bt

1. Determine the pH of the sample.

2. Place 400 mL of the sample in a 600-
mL beaker.

3. Place the beaker on a magnetic
stirrer, and insert the electrode into the
sample. making sure there are no bubbles
on the membrane.

4. Take a reading on the appropriate
scale—0-10r 0-5 mg Cl, L

S. Calculate the actual free chlorine by
using Eq 1.

electrode. The potentio-
metric electrode} can measure only total
chiorine. The electrode was calibrated
daily as follows:

1. Pipet 0.20, 1.00, 2.00. and 2.50 mL of
0.00281N iodate standard into 100-mL
volumetric flasks. {The standard was
prepared by dissolving 1.005 g of potas-
sium iodate and diluting it to 1 L.)

2. Add 5 mL of an iodide solution {10
percent potassium iodide {K1}) and 1 mL
of acetate buffer (pH 4) to each flask and
to a flask containing no iodate (blanki
Swirl the flasks to mix the solutions. and
let the solutions stand for 5 = 0.5 min.

3. Dilute each standard to the 100-mL

X4 different manufacturers, were tested. The fHoCH mark. then mix and pour the solutioninto
- manufacturers’ operating instructions for whichK,=2.0x10-2at0°CorK,=3.3 a 150-mL Erlenmeyer flask. These solu-
- were followed. When not being used. the x 10-* at 20°C. For example. for a tem- o
- electrodes were capped to protect the peratureof20°CandapHof7.0.then K =  [Uroefewanhin Lembroier Mes
- membrane. The meters wereconnectedto 3.3 x10-%and [H"}= 1x10-"M.If [HOC]] 10 Reseqrch (e Camurider Mase
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TABLE 1
Descriptive statistics of the 1est procedures used in analyzing the total chlorine content of
quality assurance samples prepared with chlorine-demand-free water

Amperometeic Titrator l Potentiometric Electrode Total Chlorine Analyzse
Sample i s [RSD:[ ng T i RSD » I s RSD a
0.40 | 0013 33 12 0.3 | 0080 158 12 042 [ 00030 | 07 12
082 | @022 2.4 12 0.8 | 0.09% 102 12 094 | 0048 os 12
128 | 0023 18 12 12 o.1e 127 12 130 } 0013 1o 12
120 y o019 | 1% 12 12t | o ne 12 138 | ooors | o8 12

rd devistion
tandard deviation
§The number of observanoas

TABLE 2
Summary of the calculated t-statistic. adjusted degrees of freedom. and value of the 95
percent level t-distribution used for comparing data from Table 1*

Amperametnc Titrator \ ersus T Amperomeinc Tilrator Versus ¥ Porentiometric Electrode Versus
Poteatiometric Electrode Total Chlorine Analyzer Total Chionne Anaiyzer
t t v
Sampie ADF? | Cal Ci ADF | C, i [of ADF | C, d | C
1 ND3 113 NC§ 12 s 2.78 ND. 2N NC
2 ND. X1} NC 12 107 278 \ND 038 NC
3 ND NC 1?7 524 268 ND 088 NC
. ND | 1se NC 1e 10 18 27 | 168 | 28

*Sratistical ngmificance is indicated when the caiculated t-sratistic o greater than the < alue nbiained from rhe (-distribution
41 the appropriate degrees of freedom (comparisoni

*Adiusted degrees of freedom

iNot determined.

aNot caiculated. for s comparison of three test p any calcuiatedt 1essthan2 604
not significant. sad therefore no caiculalion was necerssary

2 deureesaf freedom s

TABLE 3
Summary of single analyst statistics and relative standard deviation for test procedures
used 1n analyzing quality assurance samples prepared with chlorine-demand-free water

{ Amp: Titeator | P Electrode ] Total Chiorine Analyzer
Sample | Analyat - & RsOr| % < R 3 . ' RsD
1 1 040 | 0012 | 31 , 042 ; O R Taez * voors - 04
2 040 | oo018 | 319 | 042 | o 0 04z ' 0001z a3
3 040 | o021 3 . 041 | 0 T0 04z 00008 | 01
‘ a40 00033 | 09 | oze , 0 Yo oz 0oms 0 04
2 1 on 001z | 13 100 ' 0 ''a ;o9 oovs ' 04
: 2 092 0020 | 22 . o | o L0 0w 0002 2
3 0s2 | oo , 10 | 097 , o ] o . ows ’ 0003 [¥]
| 4 a0e [ 0008 0s | ote | 0038 . 44 L] 0002 a2
) ; 1 124 | 008 30 | 107 0052 | 49 [ t30 - 0004 23
i 2 1 127 | 0010 o8 , 128 { 159 | iz 132 anos o8
: 1 128 | oozt 1T tie | o ] [ 13 om0z
: + 125 ) o012 09 . 143 1 a081 . 7 | 129 - 0o 0e
. | 1 120 © 0008 08 ' 113 ‘ nos2 | &8 l 136 1 0004 L}
i 2 129 | sz l a9 a1 0 oa 138 0 0 [
3 120 1 o018 1113z | owoe 22, 138 | 00008 | o4
N 130 ! oaxs | :° 108 f o084 | so I 135 ' 00008 ' 00
Average RSD 19 27 0z
"The mean
*The srandard deviation
iThe relative standard deviation
TABLE 4

Descriptive statistics of test procedures used in analyzing the free chlorine content
of tap water samples

Ampernmeten Membrane Amuesometric Memnr ine
| Amperametric Titrator | Flsctenste & ) Fleorews B
Sample T T 4 7 RSD: b K asp | T 1 ASD B
s 10S 003 38 11, 037 004y 1l RIS
s | voa tuazs! s ! ti U oz iaou !l ir- . R L ER S
M 040 DXIN P 40 12 D) 018 T4 12 ). 1037 ] te
L] X 24 n0:9 2. te (R QDN ] 9 te DR 1 04A IR L 1<
i s
“The mean
“The srandard feviation
IThe ‘aative ttandacd deviation
1T He aumner 3f Dvervalinns
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tions are the equivalent of 0.20. 1.00, 2.00,
and 2.50 mg Cl /L.

4. Stireach solution at 30-60 rpm with
a magnetic stirrer, immerse the electrode
into the solution, and read the millivolts
(positive) after 30 s.

5. To obtain a calibration curve plot
millivoits versus log chiorine concentra-
tion (mg Cl,/L).

To determine the total chlorine content
of the samples. the procedure was as
follows:

1. Add 5 mL of an iodide solution (10
percent K1) and 1 mL. of the acetate buffer
{pH 4) to a 100-mL volumetric flask.

2. Fill the volumetric flask to the mark
with the sample.

3. Stopper the flask, and mix the
sample and reagents by inverting the
flask five times. Let the solution stand for
5 > 0.5 min.

4. Pour the solutioninto an Erlenmeyer
flask. and stir at 30-60 rpm with a mag-
netic stirrer. Immerse the electrode into
the solution, and read the millivolts
{positive) after 30 s.

5. Read the concentration from the
calibration curve,

[ total chiori yzer.* The
manufacturer's operating procedures
were followed. The instrument was zeroed
and then calibrated by depressing the
appropriate range button and adjusting a
multiturn potentiometer to give the ap-
propriate value.

Samples were poured into 400-mL
beakers. After the instrument was cal-
ibrated. the samples were analyzed for
their totai chlorine content. Readings
were taken from the digital display of the
analyzer.

Experimental design

Two different types of water sam-
ples—quality assurance samples and tap
water samples—were used to test the
procedures. Quality assurance samples
were obtained from the US Environmentai
Protection Agency. Four of these samples
{8 mL diluted to 1 L with chlorine-de-
mand-free water] were tested. Tap water
samples were obtained after allowing the
water to run 3-10 min. Four tap water
samples were tested.

For each sample. there were four an-
alysts and four test procedures. Analysts
were randomly assigned test procedures.
and samples were presented hund. Each
sample was broken dnwn :nto four sets.
une for each analyst-procedure combina-
tion. For each set tested. the analyvst was
instructed to run triplicates. Therefore.
the total number of observations for any
one sample was 48 (4 < 4 < 3 = 48)

The referee method was amperometric
fitration. For this methnd. an automatic
titrator® w.is used. Fur each sample set.
'mphirate analyses were performed.
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Resuits and discussion

Statistical analysis. A total of eight sam-
ples was used. Each sample was analyzed
in a similar manner. For each test proce-
dure-sample combination, there were 12
measurements. i.e.. four analysts reading
tniplicates. Oniy one analyst used the
referee procedure-~-amperometric ltra-
tion. For all of the procedures. descriptive
statistics—mean. X, and standard devia-
tion. s—were obtained. For the statistical
tests, independence of all measurements
was assumed. (If the three measurements
obtained by each analyst for each sample
cannot be assumed to be independently
obtained vatues then the triplicates
should be a\ eraced and the average value
should be used in the statistical analysis.)
The sample means were compared quan-
titatively by computing the t-statistic:

isons of the results from the amperometric
nutrator with those from the potentiomet-
ric electrode showed that no statistical
difference existed hetween the means of
the samples at the 95 percent level of
confidence {Table 2). The precision of all
analysts who used the potentiometric
electrode was significantly less {greater
spread] than the precision of the one
analyst who used the amperometric ti-
trator. This was not unexpected because
an individual analyst’s precision is gen-
erally better than the precision of a group
of analysts.

The mean of the results obtained with
the amperometric titrator was lower than
that obtained with the total chlorine
analyzer. This difference was statistically
significant at the 95 percent level of
confidence for all samples (Table 2).
However, the means were never different
by more than 0.06 mg Cl'L. The precision

very similar to those obtained by the
referee method (Table 1).

Over the entire range of chlorine con-
centrations tested, no differences in pre-
cision were evident from the results ob-
tained with the total chlorine analyzer
These results appeared to be independent
of the analyst who performed the proce-
dure.

Tap water samples. Precision of all an-
alysts. Four samples of tap water were
used. Each analyst obtained triplicate
results for each of the four procedures
Because the tap water contained both free
and combined chlorine. different compar-
isons were obtained. The comparisons of
the free chlorine reading obtained by
using the amperometric titrator with
those from the two membrane electrodes
are shown in Table 4.

The results indicate gocd agreement
between the means of the values obtained

t= e = of all analysts who used the total chlorine  from the two membrane electrodes. no
LY 12} analyzer was better than the precision of  statistical difference was detected at the
von n: one analyst who used the amperometric 95 percent level of confidence except for

where X and X represent the means of
the samples of interest. s,* and s,* were

titrator. Because the precision obtained
with both test procedures was good.

sample 5 (Table 5). In every case. the
relative precision was better with mern-

brane eiectrode A than with membrane

.

the variances of the respective samples. statistical differences were observed with

these experiments indicated that there
was considerable variability among
variances of the proceduces, i.e.. hetero-
geneity. Therefore. the number of the
adjusted degrees of freedom (ADF) for
the t-statistic was computed for each
comparison of interest by using the
Satterthwaite approximation:
s
ADF=— wi (31
mo-1 n -1

wherev=s.n, w=s:n.u=v+w,and
n = the number of observations.'

The Bonferroni procedure was used to
adjust for multiple comparisons.”” This
procedure determines the level of signif-
icance for each pairwise comparison by
dividing the overall o level by the number
of comparisons made on each sample.
Therefore. for comparisons of three sam-
ple means at the overall 95 percent
confidence level, the t-statistic chosen for
each pairwise comparison is that of o =
0.017 and the appropriate number of
adjusted degrees of freedom. Several
examples of the statistical calculations
are included in the appendix.

Quality sssurence. Precision of all an-
alysts. A summary of the data obtained
for the four quality assurance samples is
provided in Table 1. (These samples were
unbuffered. and the membrane-covered
amperometric electrodes did not function
properly. These samples should be buf-
fered to obtain standasd data.! Compar-
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plants. a difference of 0.06 mg Cl. L will
not be significant, and therefore the
difference is acceptable.

A comparison of the results obtained
with the potentiometric electrode and
those obtained with the total chlorine
analyzer showed no statistically signif-
icant differences at the 95 percent level of
confidence in samples 1, 2, and 3 (Table
2). Sample 4 appeared to be statistically
different with x = 1.21 for the potentio-
metric electrode and x = 1.35 for the total
chlorine analyzer.

Precision of individual analysts. Each
sample was divided into four subsamples.
Each analyst received a subsample for
use in testing each procedure. Triplicate
analyses were performed. and the preci-
sion of an individual analyst was deter-
mined by using the relative standard
deviation (the standard deviation was
divided by the mean and then multiplied
by 100). The data are summarized in
Table 3.

It appears from the data that an
individual analyst's precision with the
potentiometric electrode was best when
measuring low chlorine levels [<1.0 mg
Cl, L}). In comparing the means of samples
1 and 2 obtained by each analyst. it
appears that in both cases. analyst 4
obtained low results. If the results ob-
tained for samples 1 and < by analyst 4
were eliminated. then the overall precision
of the procedure would be increased. The
overall means of samples 1 and 2 were

13

: ~.$ : and n,and n, were the number of observa-  very small absolute differences inthetwo electrode B. This may be related to the
R v, tions, 1.e.. measurements, for each sample. means. i.e.. samples 1. 2. and 3. Even in  small size of meter B on which readings
¥ -\.';\.' Homogeneous variances between samples  sample 4 (see Table 1) there was only a  were taken. resulting in less accurate
K~ were assumed for the computation and  difference of 0.08 mg Cl, L in the means. interpolation between numbers. Surpris-
§ '\.i\’ comparison of the t-statistic forany given  Once detected. this difference was ex- ingly. these resuits obtained from the
# \.'\. level of significance and any number of amined to determine whether it was membrane electrodes are low compared

e degrees of freedom. The results from acceptable. In most water treatment withthose obtained fromthe amperomet-

ric titrator. This point will be discussed
further under the discussion of active
chlorine speciation.

Table 6 summarizes the data for the
measurements of total chlorine in the tap
water samples. When the resuits from the
amperometric titrator were compared
with those from the potentiometric elec-
trode, there was no statistical difference
for sample 6 at the 95 percent level of
confidence (Table 7). In every sample.
except sample 7. the relative precision
was less with the amperometric titrator
than that with the electrode. Again. 1t
should be pointed out that only one
analyst used the amperometric titrator.
whereas four analysts used the potentic-
metric electrode.

A statistical difference at the 95 percent
level of confidence was obtained for all
samples except sample 8 when measure-
ments from the amperometric titrator
were compared with those {rom the total
chlorine analyzer. Statistically different
means were obtained with these two
methods. This was aiso the case with the
quality assurance samples. The spread
was somewhat larger between the means
(except for sample 8}. but 1n no case was
the difference greater than the 0.08 mg
Cl.'L. which was observed in sample ~
This difference represents an absolute
difference of 7.2 percent from the mean
concentration determined by amperomet-
ric itration. The differences in samples 5
and 6 were 4.5 percent and 3.6 percent
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f TABLE S
Summary of the calculated t-statistic.
adiusted degrees of freedom. and value of the
95 percent level t-distribution used for
comparison of data from Table ¢

TABLE 8
Descriptive statistics of the test procedures for determining the total chiorine content

4ny calculated @ ¢ less than 2 07 a1 22 degrews of
freedom 13 not sigaificanr. and therefore. no calcuistion was
neceIsary

*The standard devistion
iTha celative standard deviation
§The number of obeervations

TABLE 7

for comparison of data from Table 6

A Versus
A c [ of tap water samples
“""':‘ [ Amperometnic Titrator Potentiometic Electrode Total Chiorine Ansiyzer
Sample | Freedem | Calculasted | Companses Semple i st | RSO | nt H 1 TRSD o X | s RSD o
[) is X7 213 s 133 003 | 29 W [ 113 0072 ] 84 1z [ 127 [oozz, 7 o2
L] NO* 104 ND L] 137 oos 12 12 128 017 1312 A SRR I F 4 0012 ; 09 12
h ND 07 ND v 1 0082 s8 12 103 0 043 | €2 i ‘103 nor il 12
[ ND. 192 ND 1] 116 0028 14 12 INJUD’SL ! 12 ‘ 1S f oot 20 l N
“Not determined. for & P of 1we tes1 p: *The mesa

Summary of the calculated t-statistic. adjusted degrees of freedom. and value of the 95 percent level t-distribution used

Amperometnc Titrator Versus
Potennometnc Electrode

Amperometnic Titrator Versus
Total Chiorine Analyzer

. Potentiometric Electrode \ersun
i Totsi Chioeine Anaiyzer

| t t { .
Sample ADF* I Calculated Companison ADF* Calculated [ Comparison ADF* Caicuiated Lomparisan
s ND¢ [RE) NOD 4 442 { 27 i ~D 634 . \ND
s ND 183 ND 20 see I 281 ND nst \D
» ND 187 ND 12 I 278 , \ND N
[ ND 3 ND n 096 | ND ND | 197 ] \D

*Adiusted degrees of freedom

than 2 80 resuits in no

TABLE S8

*Notdetermined. 10 many cases it was necessary 1o calculate the adiusted degrees of [reedom The 1-distribution value the least possibie :n This experimentt gt *2 degrees of fesedam
comparing theee tesis13 2 *8 Therefore any value greater than 2 "0 results in o statisiicaily signsficant dafference a1 the 93 percent cuniidence ievel (Inheother hand any s dine ievs
stical difference a1 the 95 percent confidence 1evel at 22 degrees of freedom. the masimum possibie during *his ey periment

Summary of singie analyst statistics and relative standard deviation for test procedures
used in analyzing the free avarlable chlorine content of tap water samples

*The standard deviation

:The relative standard deviation

\.

| T Amperametric Membrane ! Amper imery Membrane
| i Amperometnc Titrator Elecirade A | Firor e B
Sample | Analyst < T » U RSDy T ; ] T RSD B ®<D
T M
s ! 1 100 006t 41 03 . ooz 16 0t 1 008 s
j 2 108 0008 0s 03s i o0o0se ‘ 187 e 2 nos Ve
3 1e? 0.020 19 0t 0 | 0 | 210 o in
! 4 108 ! 0032 19 0e0 | 0033 1 a3 73 0 sk s
s 1 112 0020 18 018 i oot | nz ! 1y 1004 I
H 108 0 008 [2] 027 0007 ! 24 133 n01) ]
! 3 Tio 9018 14 033 o013 i In 2 2008 o5
: . 108 0012 1 029 0013 i I )18 102z -
L 1 080 aont 14 013 0013 90 a1 Y 0
2z 0s2 ' 0022 7 017 oott ! 63 AR 03 9
3 a8t | ooes 58 018 cois ) we a1 oz T
. o°s i 0009 T 018 ou20 . 128 i vt 1oz e
s 1 ase 0010 12 918 0008 ) 11 08 Yo a6
2 ase 6021 23 | 01t 9011 ! 21 "1 Bl a
3 088 o aoe? os ; 012 0000 ~2 01 2 poa 52
{ 4 a8 | oon 10 a17 oozt ' 122 aus ' 101t )
. n
AverageRSD 19 "e 59
*The mean

respectively. The differences were min-
1mal and would not be significant to the
operation of a water treatment plant.
The comparison of the potentiometric
electrode with the totai chlorine analyzer
indicated a statistical difference in sam-
ples 5 and 8 (at the 95 percent level of
confidence). The difference in the means
was 0.14 mgCl, Linsample 5and0.09 mg
Cl; Linsample 8. No statistical difference
was observed 1n samples 8 and 7
Precision of individual analysts. Each
sample was divided into four subsamples
Each analyst received a subsample for

OCTOBER 1982

use in testing each of the procedures. The
tap water contained both a free and a
combined residual: therefore. the data
were divided into free chlorine and total
chlorine measurements. The precision of
individual analysts for the free available
chlorine determinations are presented in
Table8. Anindividual analyst’s precision
obtairied with either membrane electrode
was considerably less than the overall
precision (Table 4] It was also apparent
from a comparison of the means for any
nne sample that considerable variability
existed. This varniability accounted for

14

the large. overall relative standard devia-
tion.

As a prototvpe instrument. membrane
eiectrode A and its associated electronics
may require additional engineering to
reduce the vanability in results from
analyst to analyst. Also. the electrical
notse detected by the electronics couid
have caused some of the fluctuations in
measurements Stirring of the sample 1s
critical when using me:mhrane electrodes
ine slight variations 1n stirring speed
ithe velncitv of fluid across the mem-
brane) can cause larue variations in the
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\ independent of the analyst who performed

the procedure.
TABLE 9 Summary of precision. Summaries of the
Summcry of single analyst statistics and celative stondord deviation for test proced.res average precision of individual analysts
used 1n gralvzing the 1otui cxfonne of tap water samples and all anaiysts are presented in Tables
Titrstor Electrode Total Chiorine Anaiyzer 10. 11, and 12. The average precision of
- " 750 T wo T T T individual analysts was always better
. s
Sampie Avelynt A L ! — than the average precision of all analysts
) s ) T St i e | 34 113 i 220a | s | The data for the amperometric titrator
' ) 134 , 0017 vty 108 | oo .o . 138 | ooo: 01 were obtained by one analyst and were
4 i 1348 oon 16 11, 004 41 129 0006 | 04 Py A
. Do a0 a” e oame | 33 fim ' oxs | os | SIAr ‘f:pr Juality i samples
2 I 13- a0 [ 4 n 0095 *9 ) 30 ' 000% 0l an
. 3 A ] N o iy | o a3 The average precision of individual
L] 1
. ) 110 ; 0003 | o3 | 1oz ! 0038 3¢ Yyor | ooor 0" analysts with the potentiometric electrode
_ : prropoos o1e 1o g oom *s 104, 000 I3 1s comparable to that with the ampero-
. ) :‘;: | :;; ;: :g: | :M. 2‘ ‘ :g; | g:g; g, metric titrator. However. the average
s i ERT) 00s? o |1os . oo | 3a it ! ooon P10 precision of all analysts with the poten-
: i ,
: IR S oo BN ‘ M PO S S ool O tiometric electrode was not as good as
‘. L1 I oo Jotr e [ e o { 16 | 000c | os that with the amperometric titrator. This
Averesr RSO Z0 24 s difference in precision may have been due
P o— to the nondigital millivolt meter that was
*The standard des .ation used. {When millivolts are read on an
iThe “eiative standard desiation armature meter. the third place must be
$0m 1o sbtervations were made estimated. and thts can lead to sigmificant
TABLE 10 errors.] Moreover. the standard curve
Summary of analyst precision with test procedures for analyzing quality assurance samples | Was obtained by using only one millivolt
prepared with chiorine-demand-free water "8';"’:] for HT;‘ ;‘:oncebntra!blon prf!;‘Sl(lJn
robably would have been better1f dupli- -
T . T p }
I pe ,  TotaiChiorne cate or triplicate millivolt readings had
¢ Titrator® Electrode Anaivzer
" — + o - = been obtained for each standard and then
verage singie anaivst precision 27 ., .
e e et precnn N gL these data had been analyzed by linear
~Oniy one analyst used the amperometric titrator. whereas four anaiysts used eoch of the other procedures I‘EBBl'eshSIOH. b | d d d
*Reiative standard devrstion oth membrane electrodes produce
R rather large estimates of the average
- precision of all analvsts. The reasons for
P ¢ amal 5 TABI"’E 1 p | he f tobie chi this have been discussed.
. Summary of analyst precision with test procedures for analyzing the free ovariobie chiorine The total chlorine analvzer consistent!s
Iy of tap water samples N
O - gave excellent precision. This techmque
P i e Amp “ | Ampe e Memarane | for measuring total chlorine appears to be
Turator® Elev rode & . Elevtode 8 independent of the analyst who performed
Average single anaiy st precision 190 D) v 89 the procedure
- Aserage overall analvs! precision n 128 ' ns
- *Oniy nne analyst used the smperomeiric titrator whereas four ansiysts used each of the other procedures Active chiorine speciation in natural
R *Reistive standard devianion systoms
e :
- TABLE The amperometric titrations were very
( ' y f h d” ( ; b L ehl y reproducible for analyzing the tap water
Summur} of analyst precision with test procedures for analyzing the totgi chior:ne o tap samDIES. For lht membrane—covered am-
Y water sgmples R .
) - perometric electrodes. values were ob-
$ Ay Ampe i< P . Totai Chlarine tatned that averaged approximately 21
0 Turator Electrade Anslvzer percent of the values obtained from
L) inale anaiy st precision 2or 24 | 05 amperometric titration. {The one excep
- Average averail analysi precision 30 A ] 1 13
XY = | — - - | —_— - tion was for electrode A and sample 5. the
"Oniv one anaivst used the amperomeliric Ticcator whereas four anal yote us sach of the other procedures . -
L *Relative standard deviation electrode determined a value that was 35
percent of the value determined by am-

J perometric titration.] Two possible ex-
planations for these low values are either

W

‘\-::‘ B that the electrodes were not functioning
" measurements. Membrane electrode A chlorine content of tap water. Very little properly or that there could have been
=, . was calibrated daily. . difference was observed between the active chiorine species in the water
> Membrane electrode B was extremely  precision obtained with the amperometric which mimicked free chlorine in the
4 stable throughout the evaluation. The titrator and that obtained with the po- amperometric procedure but did not
,,-\, calibration, as adjusted at the factory. tentiometric electrode. permeate the HOCI specific membrane

.,-::, was checked daily but did not require For the total chlorine analyzer, a rela- It 1s possibie that the membrane ele: -

. adjustment over a two-month period. The  tive standard deviation of 0.5 percent trodes were not functioning properiy. and
single largest factor that may account for  was calculated for the average precision there was a chance that both electrodes
the analyst-to-analyst variation was the of individual analysts. This result was gave similar readings. The fact that less

3y size of the meter. Because the meter is 1.5 percent less than that for the ampero- chlorine was detected by both membranes
.\1'. small. large errors in interpolation of metric titrator. Again. as was observed indicates that very little.1f any. inorganic
'-."'. numbers on the meter are possible. from the analyses of the quality assurance chioramine {presuming this species was
-_"'- Table 9 - ‘mmarizes the precision of samples. the results obtained with the present) permeated the membrane Gen-
v individual analysts in measuringthetotal total chlorine analyzer appear almost erallv. 1f the membrane electrodes were
\? 550 RESEARCH AND TECHNOLOGY JOURNAL AWWA




@ For all samples. the results obtained
with the poteatiometric electrode were
\ower than those obtained with the
amperometric titrator. The difference was

malfunctioning, the error would have
been positive (ie.. higher valuej, not
negative, with respect to the amperomet-
[ .. ric titrator.

tiometric electrode (p). data for sample 1
frum Table 1 are substituted into Eq 2
Therefore, e = 0.40. s = 0.000169, n, = 12,
Xp =0.38, s =0.00360, and np = 12, then

It has been shown by several analytical

statistically significant in three of four

methods that organic nitrogen chlo- samples. 040 - 0.38
ramines appear as free chlorine.'* The ® The results obtained with the total vE —ooiee 500360
formation of these compounds has been chlorine analyzer were low in three of / _ —%
studied.'0-22 Direct evidence for the pres-  four samples. with no statistical differ- 12 2
ence of organic nitrogen compounds in ence in the fourth sample. The greatest = 0.02

southern Florida groundwater has been difference between means was 0.08 mg 60177

confirmed by the formation of dihalo- Cl,/L. = 1129

acetonitriles.2? No routine method exists
for determining organic nitrogen chlo-
ramines.** Recently. a method has been
published. which may provide the neces-
sary derivational procedure for determin-
ing organic nitrogen chloramines.s
Thus. there is no definitive explanation
for the low values obtained with the
membrane amperometric electrode. How-
ever. one cannot rule out the possibility

® For two of four samples. the results
obtained with the potentiometric elec-
trode were statistically different from
those obtained with the total chlorine
analyzer.

® The precision of all analysts was
best with the total chlorine analyzer.
followed by the amperometric utrator
and then the potentiometric electrode.

4. Of all the methods tested. including

[n another example, data for sample 3
from Table 1 are substituted into Eq 2 to
compare the results obtained from the
amperometric titrator (a) with those
obtained from the 10tal chlorine analyzer
l¢). For %q =1.26. s§=0.000529, nq = 12.
X =1.30.s =0.000169. and n, = 12, then

that the amperometric titrator is not the amperometric titrator. the total chlo- t= 126 :30
specific for free chlorine and that organic  rine analyzer produced the best precision 0.000529 _ 0.000169
nitrogen chloramines account for falsely for both individual analysts and for all 12 12
high levels of free chlorine. analysts. = -0.04

5. For all of the electrode procedures. P

Summary of the statistical analyses

1. The following observations were
made regarding the analysis of the quality
assurance samples (in all cases. the tevel
of significance was 95 percent):

® There was no statistical difference
between results obtained with the am-
perometric titrator and those obtained
with the potentiometric electrode.

® For all samples. there was a statistical
difference between results obtained with
the amperometric titrator and those ob-
tained with the total chlorine analyzer.
The largest absolute difference in the
means was 0.06 mg Cl, L.

e There was no statistical difference
between the results obtained with the
potentiometric electrode and those ob-
tained with the total chlorine analyzer for
three of four samples. For the one sample.
the mean was 1.21 with the potentiometric
electrode and 1 35 with the total chlorine
analyzer.

® The precision of all analysts was

precision of individual analysts was
better than the precision of all analysts
combined.

Conclusions

The total chlorine analvzer was shown
to be analyst independent. providing
online. continuous measurement. This
instrument wouid be the method of choice
when continuous or many total chlorine
analyses are required. Although operation
of the potentiometric electrode s easy.
the results can vary from analyst to
analyst and would require additional
quality assurance for in-plant. muiti-
analyst operation. No conclusion can be
made regarding the amperometric mem-
braneelectrodes because of the variability
in the results.
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When calculating the t-statistic. the sign
is disregarded and a positive value s
reported {1=5.24] because differences in
either direction are betng investigated

C. g the adjusted degr of freedom
by using the Satterthwaite approximation. The
ADF must be used when the means of two
samples are to be compared by using the
t-statistic, but the two samples have
different variances. The general formula
for determining the ADF is that given in
Eq3

For example. to . nmpare ‘he results
obtained from the ampercmetric titrator
.a} with those obtained from the poten-
tiometric electrode {p}. one must know
the ADF Therefore. data for sample 1
from Table 1 are substituted into Eq 3
For s5=0.000169. n,= 12, s =0 00360.
and n, = 12. then

best with the total chlorine analyzer, Command. Fi. Detnick. Md. and by the ADF - (2000169 0003601 «
followed by the amperometric titrator Drinking Water Research Center. Florida 12 12
and then the potentiometric electrode. International L'niversity. Miami. Fla (00001681 000360,
2 The following observations were The opinions expressed in this paper | —_— ==
made regarding the analysis of the free  are the private views of the authors nd e 12
chiorine 1n tap water samples (in all should not be construed as stficiat or o T
cases. the level of significance was 95 reflecting the views ol the Department of
percent): the Armv 986 - 10+
® The resuits obtained with the mem- A o - - —
hrane-covered electrodes were not signif- Ppendix 1803 = 107 =R2 = 10
tcantly different in three of four samples. c of the t: Thet-statistic uJ

e Both membrane-covered electrodes
detected chiorine levels that were an
average of 21 percent less than the levels
detected with the amperometric titrator.

3. The following observations were
made regarding the analvsis of the total
~hlorine 1n tap water samples in all
cases the level of significance was 95
percent].

TCTTBER *982

1s used to test the hypothesis that two
sample means are the same. In calculating
the t-statistic, 1t 1s assumed that the data
are normally distributed about the mean.
The general formula for determining the
t-statistic 1s given in Eq 2.

For example. to compare the results
obtained from the amperometric titrator
(4] with those nbtained {rom the poten-

‘2 irounded to nearest
integer|

In the sample calculations for ~he ADF
that foilow the data are for sample 2 tram
Table 1. for sampie 3 from Table 1 and
for sample 6 from Table 4 respectively
in these :alculativns, 2 refers to the
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amperometric itratar and ¢ refers (o the
chlorine analyzer

For 53;=0.0004834. n,=12. s
0.0000240. and n. = 12. then

c

1.8 » 10
1.48 < 1079~ 3.46 < 107V
= 12.14
= 12

ADF =

For s3=0.0005"9. n,=1.:.
0.0000169. and n, = 12, then
34 10"
7721007+ 180 x 10
=174

ADF =

0000256 nc=12.8{=
12, then

Finally 1or
0.000144. anc o,
11 %10°
ADF
$.14 < 107
= 204

© 20

- 13 10"

These .alculations for ADF clearly

'emonstrate that as the varances (s°) of
twosamples approach the same value.

the degrees of freedom approach the
limiting value. Consider the case :n which
two samples ho.e equal variance. and
n =12 for each sample [n this case. the
maximum number of degrees of freedom
1522.5.e. n,-1}+|n.-1} Forthesample
calculatiun given above in which the two
variances were0.000169 and 0.00360 and
n =12 for both samples. then the ADF
was calculated to be 12. However. for the
last sample calculation qiven above. 1n
which the two variances were 0.000256
and 0.000144. the ADF was calculated to
be 20

Calculation of the ievel of signiticance for
comparing ssmple mesns. The researcher
chooses the significance level ' probability
levelt tn be used For 4 95 percent
significance level o = 005 for a 99
percent significance level. a =001

In order to use a t-statistic to compare
sampie means. aone must make adjus!-
ments for multipiv comparison The
Bonferronipriv v Jure van oe used 'n make
adjustments for vach pairwise comparisan
by dividing the a val.e by the total
number of coniparisons For example 1f
there are three means—.A B and ((—and
one wishes to campare A ta Band A to ('
thea levelisdivided bv 2 However. if ane
wishes tocompare AtoB. AtoC.and Bto
(. the a level is divided by 3.+

In the discussion that follows, resuits
obtained from the amperometric hitrator
are compared with those obtained from
the tatal chlorine analvzer The data are
for sample 2 from Tabie 2

For t = 3074 and ADF = 12, the 95
percent confidence level (a = 0.05] 1s
obtained by evaluating the two-tailed t at
a=0.0513=0.017 From such an evalua-
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tion. 1t can be determined that t = 2 78 for
ADF = 12 and a = 0.0i" Because the
calculated value of t = 3.074 s greater
than 2.78. the two sample means ar.
statisticaily difterent at the 95 percent
confidence level

If the data are reevaluated at the 99
percent confidence level (a =0.01). then !
=3.65for ADF=12anda =0.01 3=0.003
Because the calculated vaiveof 1 :3074)1s
less than 3.65. the two sample means are
not statistically different at the 99 percent
confidence level.
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. A statistical experimental design i
~ for comparison testing of
- analytical procedures

Paul H. Gibbs, William J. Cooper, and Edward M. Ott

An sxperiment has been designed for comparison (equivalency) testing of an approved
standard test method snd an siternative test method. The design has been applied in
tests under actual operating conditions at water treatment plants. Statistical analysis of

an ple data set is detailed. The

d with

of single- tyst precisi e

this design may reflect the results encountered at sny water treatment plant.

The US Environmental Protection
Agency (USEPA) promulgated quidelines
tostandardize test pracedures for compli-
ance monitoring. These guidelines have
been amended to ailow applications for
approval of alternative procedures for
nationwide use: As part of the appli-
cation. comparabihity data are required
between the proposed alternative proce-
dure and an approved procedure. The
comparability data are intended to test
the equivalency of the two methods. The
minimum requirements for equivalency
testing have been outlined eisewhere.?

This article describes a ge ralized
experimental design that can be -d for
obtaiming the daia necessary for . Har-
1s0n testing. a particular applicaticn of
which is equivalency testing. Another
article detarls resuits of this experimental
design as it was applied to free availahle
chlorine test procedures.

The data required for equivalency test-
ing aiso provide estimates of single-ana-
lvst precision for the analytical methods
tested. These estimates can be used for
purposes other than equivalency testing
and may provide valuable data for eval-
uating the relative merit of analytical
procedures. The major difference between
the estimates obtained by using equiv-
alency testing and those obtained by
analvtical chemists who develop the
methods 1s that the former are obtained
under actual operating conditions at water
treatment plants. These single-analyst

578 RESEARCH AND TECHNOLOGY

estimates of precision. therefore. reflect
results that would be obtained at other
water treatment plants

The experimental design is based on
several general criteria.

® The test should be conducted over a
time span that covers a significant change
in either the process or sample quality

e Replicate analyses should be required
onsampies for the approved and proposed
alternative test procedures at multiple
laboratories

® The test program should require a
minimum of analyst ime at the cooperat-
ing laboratory. 1.e.. the testing program
should be seif-expianatory. and forms
should be provided for data coliection

e Data should be received 1n a form
that facilitates romputer-aided statisticai
evaluation

e Randomization shouid be used to
assign expenmental factors to the samples
and to determine the order of testing of
the procedures for each sample

Experimental design

Expe tactor | Several
experimental factors were identified and
included in the experimental design

Methods. An alternative test is used in
addition to the approved method currently
in use at the test location. The approved
{standard) method is denoted by $M. and
the alternative method is denoted by AM

Locations and sites The experimen’ s
conducted at several geouraph:cally e

persed locations {water treatment plants|
Water quality data may be collected at
more than one site 1n a plant {after dif-
ferent water ‘reatment processes|: thus.
the design allows for testing at two sites
within any one plant. The exact position
of the two sites within the water treatment
plant 15 determined for each plant and
reported on the forms: 1.e.. for the duration
of the experiment. one position :s desig-
nated as site 1 and the other posttion is
designated as site 2.

Analysts Toinclude variability result-
1ng from analyst effects in the chemical
analysis. two analysts who normally take
the readings are usually available for the
duration of the experiment at each loca-
tion The two analysts work on the exper-
iment independently of one another If
only one analyst i1s available, the same
total number of observations {the number
taken by two analvsts)is taken.

Sagmples The duration of the exper:-
ment (long enough to include varabihty
in plant operationi calls for samphng
over a period of several weeks. Samples
are oblained in the same manner as those
collected for monitoring normal plant
operations Most samples require one
reading with the approved test procedure
and one reading with the alternative test
procedure

Order of testing To guard against bias
in the results. the sequence in which
results are obtained for anv given t sts
randomized and followed carefullv by
each analyst It1s necessary toemphasize
that pnor experimental test results shouid
not influence the analyst's subsequent
readings because this will invalidate the
experiment. To help guard against *he
infiuence of pres:ous resudts, the nstru
tions to the anajvsts exphuithy puint out
this petential peablem
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( TABLE 1

Experimental design for equivalency testng at one water plant

Sampie

Sumber Day Ansiyst Sie Randomized Test Sequence TABLE 2
1 1 2 2 SM AM Sample date forms provided to water treatment plants
: 1 H : SM AM
L H ‘ ! 2 ! SMaAM Date Ferm
4 | 2 1 2 SM AM |
5o 1o ! AM SM Sample No. 1 Oate ___1__.___
8 1 3 1 t SM AM Mon Day Yr
N 2 AMSM
LI L 2 t AM SM Plant IO Time AM PM
9 s ' 1 SM AM AM SM AM SM AM SM
10 s 1 2 SM AM SM AM AM AM SM SM Anaiyst 2 Day 1 Morning
11 | [} | 2 y 1 SM AM
12 H [} ! 2 [ 2 SM AM SM AM AM SM SM AM Site 2 .
[E N 2 H SM AM SM AM SM AM SM AM
1a s P ' AM SM SM SM AM AM SM AM
1 [ ‘ 1 | 1 SM AM Readings
L. [ 2 ! H SM AM
1. s 2 T SMAM Order Methods Resuirs
. ] 2 : | SMAM .
19 ' | t ! 1 J AM aMm ! M
0 L o 2 | AMsM .
n n v 1| AMSM AMSM AM SMSM AM : AM
22 | " 1 M SM AM
IS I 2o, ' : 1 sMmam Comments
M) 2 1 : 2z ;’ AM SM
23 b i ‘ 1 SM AM
8 13 [ 2 L amsm
- N P 1 AM SM Date Form
8 e E t AN SM SM AM SM AM AM SM , }
29 18 ;o : AV SM Sample No 9 Date N
0 s o 1 SV AM AM SM AM SM AM SM Mo Dav V-
n 8 1 . 2 AM SM AM SMSM AM AM SM
2 8 v ' AN SM Pam 1D Tme — aweMm
b5 ] [ 1 | 2z AM SM AM SM AM SM SM AM
i Ehd 4 1 AM SM Anaivst 1 Dav s Marming
19 1A B i : AM SM
1. 8 2 i v L OSMAM Site 1
3" 9 : T AMSM SM AM SM AM SM aM
" 9 N 2 tAMSM
1o o B D SMam Readings
w0 20 2 2 I AMSM X
a : o ! 1 . S\ AM Girder Methods Resu.ts
L 2 2z H AM SM
o ooa B : SMAM S
Ll N ! SMAM R
s : s ' sMaMm : M
4“6 ! P SM AM
EN B i SMAM 3 M
a : : v S
19 : ' AM SM 4 b
50 : ' AM SM
5t : t [RVELY] s AM
52 ' H Av S
) 1 . AM 5M i s
4 N N SMAM . am
s, ) - I, SMAM AMSM AMSM SM AM
- ] < M A .
5= : : SN AM . e
A N H AM SM B
g N 2 AM SM Comments
0 . 1 AM 5™

\Z

__/

Subsampling To meet the mimmum
requirements of the experimental design.
multiple anaiyses are made on a pre-
selected, restricted random selection of
samples The selection of samples is
balanced with respect to analyst and site
caombinations so that each combination of
analyvst and site is represented equally.
The multiple analyses of each sample
4lso have a preselected random sequence.
such as AM SM SM AM AM SM AM
SM [n these cases. again. the analvst
exercises care to guard against biasing
the res-lts of subsequent determinations
hy preceding ohservations in the sequence
These additional sample analvses are
used toestimate single-analvst precision

Durntinn The expertment requires 30
working davs tn-omplete This lenuth of
ime results in mimimum dasly sampling

NCVEMBER 1983

and encompasses a time span sufficient
tn abserve variability in plant operation.

Design The 30 days allotted for the
experiment are sequential but not neces-
sarily consecutive: 1e. dav 5 precedes
dav 6. but day 518 not necessarily adacent
to dav 6. Each day 1s split into a morning
and an afternoon test session, although
no attempt 1s made to balance the design
for day effect Eaci seement of the day s
treated 4s a separate samole The design
assumes that two anaiysts 4nd *wo sites
are v diiatle

Ifonivonesite s av.ulahle atltests are
performed at that site. including those
designated “site " Having two analysts
and two sites available at each plant
broadens the scope of the experiment but
1s not necessartly apphicabie to ail water
yuality tests The sperific anaivst and

20

site combination for each test sample 1s
determined by a random pracess so that
15 samples are allocated to each combina-
tron of analvst and site {nr s total of O
samples. Subsamples for multipie deter-
minations are chosen by random selection
from the samples allocated to each analy st
and site combination. in this case three
samples from each combinanon ot analyv st
and site were nsed. The sequence n
which methads are tested w *heach sam-
Jsle)s also random. A compietely different
randomization 1s performed for each
water nlant regardless of the number of
plants)

Computer program. A compu s srowsim
was written to provide the neres..r
randomizations to confaormto the nalanced
experimentai design required Yor statise
tical analvsis Thenutputatthic progs em
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TABLE 3 TABLES®
The ANOV A tabie for estimati- . Experimento: resuils® obtained tor tne desien cn Tahie 1
single-anaiyst precision within each location
Sampie
Source Derees of Freedom Number  Anaival Site Doy Testt  Resuiis  Tes Reasiin:
Totai | .- . 2 - 4 LRt 3 ]
\ E Mean 1 2 - 1 20 3 20
- Sampies 1 . N R ..l‘) : 3«\
- Within sampies * 4 < N i 21 s 2
LI A 1 3 [ asy
'-'\ N [ a=n 4 nAn
SN TABLE 3 - L) U 10 i T A0
. . - 3 B oo : oo
el The ANQOV Atgble fortesting method effects . N oo ] e -
4
. within iocation P - TS i I I U e
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for nne treatment piant 1s summarized in
Tabie 1

To read Tabie 1. consider the first line
as an example On day 1. analyst 218 to
obtain a reading at site 2 with the ap-
proved standard test method followed by
areading with the alternative test method
The fiest sample of euch day 1s obtained
1n the morning: the second is collected in

The computer program provides printed
data forms corresponding to each design
For every location. a total of 60 data
forms are printed aut Sample data forms
are shown in Table 2

Thus. a complete lavout of the exper:-
mental design with data collection forms
18 provided to each participating treat-
ment plant to assist personnel in planning.

conditions. usually expressed as a stan-
dard deviation

2 Experimental error A measure of
vanabtlity in the data not accounted for
by experimental factors and composed in
part of single-analyst precision, usually
expressed as a variance.

3 ANOVA Analysis of variance. a
statistical technique for attributing van-

the aftern vexampleof asampleon scheduhng. and recording results abihity 1n data to certain experimental
which m lvses are required is factors and for assessing the significance
sample - 2r9.Onday 5.analyst 1isto Statistical analysis of the factors in accounting for the total
obtain aple at site 1 and make four Definitionofterms. I Single-analystpre-  vanability

analyses using the approved standard
test method and four analyses using the
alternative method in the followi >order:
SM AM AM SM AMSM AM S
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cision A measure of the variability
between - peated measurements made
bv ~  «e analvst on the same sample
sing the same method under uniform

21

4 Sum of squares A mathematical
quantity that expresses the amount of the
total variabihity in the observations at-
‘mbuted ‘o each experimental factor
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5. Degrees of freedom: Number of cases
used to estimate a mean square. decredseo
by the number of mathematical con-
straints on the statistic. Usually the
number of constraints is one

6. Mean square The sum of squares
divided by the degrees of freedom

7. F-test: A statistical test for deter-
mimng whether an experimental factor
significantly explains the variability in
the data. It 1s calculated by dividing the
mean square by the appropriate error
term for each experimental factor being
tested.

8. Error mean square. An estimate of
the experimental error variance deter-
mined from the data by an ANOVA.

9. Power The probability of rejecting
the hypothesis of equality of means. or
the sensitivity of the statistical test
Power depends. in part. on the magnitude
of the experimentai error relative to the
true difference in means and on the sample
size [see the sechion on power under
“Interpretation of Results™}

10 Significance levei The preassigned
probability of conclud:ng that the methods
are not equivalent when. in fact, the
methods are equivalent

11 Mainsffect Referstotheeffectson
the measured response of one of the
experimental variables

12 Interaction A measure of the de-
pendence of one main effect on one or
more other main effects

13 Within-sampie variction A mea-
sure of the variation of nbservations made
on the same sample

14 Betwwen-sample variation A mea-
sure of the variation between observa-
tions on different sampies

15 Coefficrent of vgriation The stan-
dard deviation divided by the mean and
expressed as a percentage

16 F.o, tes! Astatistical test used to
compare the variances of two or more
samples

Single-analyst precision. L sing only those
12 samplies with multipie determinations
of eight readings ifour by each method).
single-analyst precisions are estimated
for each method and compared by stahis-
tical tests The estimates are derived
within each location and represent the
variahon between repeated observations
averaged over both analvstsineach loca-
tion ‘Tabie 3}

Single-analyst precision is estimated
from the within-sampie variation of re-
peated determinations on a randomliy
seiected subset of sampies made over the
span of the experiment. For each location.
48 observations per method are available
for analysis (4 * 12) The subsampie
seiected s balanced with respect to
combinations of analvst and site to avord
biasing the estimates of precision

If the means of the methods vary signif-
wantiv 1t would be advisable to use
coefficients of variation to estimate and
compare precisions of the methods be-
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cause precision is often correlated with
thr mean. Otherwise the singic-analyst
precisions may becompared by usine the
Fras test”

testing. The ANOV A analy-
sis {Table 4) 1s performed for each loca-
tion. The additional observations for those
samples with multiple determinations are
discarded. and onlv the first paired
determupations are used. Therefore. for
60 samples and twa determinations. 120
observations are analyzed.

There are two error terms: samples
{analyst < site]. which is the error term
for between-sample comparisons. such
as analyst. site. and analyst * site. and
the experimental error, which serves as
the error term for all method effects
including interactions. The experimental
factors are then tested using F-tests.
against their appropriate error terms.*

The analysis is comparable to a paired
t-test on methods inthat between-sample
vanation is removed from the analyvsis
before the method effect from within-
sample variation i1s estimated The inter-
actions of method with analyst and with
site provide tests of whether the method
effect 1s analyst-dependent or site-de-
pendent. Evidence of either dependency
calls for investigation of the underiving
causes The three-way interaction of
method with analyst and site 1s usually
difficult tointerpret_If present. this source
of variation sometimes indicates depen-
dence of the method effect on the com-
bination of site and analvst Under this
circumstance. 11 1s ympossible to draw
valid conclusions about the method effect
from the data Underlying causes should
again be examined The relative magni-
tude of the interactions should be exam-
1ned by using tables of means and stan-
dard errors. Competent statistical advice
should be sought in the interpretations of
interactions because the ANOVA may be
overly sensitive to minor differences in
the data. which could lead to overinter-
pretation of the results.

An overall assessment of equivalency
of methods can be obtained by a simple
paired t-test on the method means for
each plant This test assumes that the
method precisions do not change between
locations If this is not the case. an overall
test of equivalency may not be possible.
and only tests for equivalency within
each location may be done

Interpretation of results

Resuits of the ANOV A should be treat-
ed cautiously because results of hypothe-
sis testing are largely dependent on the
sample sizes and experimental errors.
Overly sensitive statistical tests may
detect differences that are not meaningful
from an operational point of view. Also.
insensitive statistical tests may not detect
differences that are operationally mean-
ingfus The definition of operationaily
meaningful differences must be agreed on
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prior to the experiment. not after the data
have been collected. to avoid the intro-
iuction of biased definttions

If possible. the power of the tests shouid
be examined to determine the sensitivity
of the ANOV A (see the following section
on power} If the statistrcal tests are not
sensitive enough, the minimum detectable
difference will be larger than 1s operation-
ally acceptable. and the tests will not
detect differences of operational impor-
tance. Increasing sample sizes may alle-
viate this problem unless the methods
have inherently large precisions. On the
other hand. if the mumimum detectable
difference1s too small to be operationails
meaningful. the statistical tests may sig-
nal rejection of equivalency on the basis
of small differences in means. In this
latter case. one can revise the hypothesis
being tested to include an “acceptable
window of difference in the method means
and test for departures from this window
Also. and this 1s true 1n all cases the
confidence intervals on the mean differ
ences can be examined to assess the
magnitude of the differences detected by
the ANOV'A This latter step1s somew hat
sublective unless a prior understanding
has been reached before the experiment i«
run as to the magnitude of the acceptable
difference between methods

Power. As defined previousiy. power s
ameasure of the sensitivity of a statistical
test of a hypothesis. Itcanbe expressed in
several wavs but the most convenient s
the minimum detectable difference This
ts the mimimum true difference 1n method
means that can be detected statisticaily
with a given probability. at agiven signif-
icance level. for a given number of sam-
ples. and for a given estimate of exper:-
mental error In one case power s set at
0.80. and the sigmficance level is set at
0.05

Let A be the minimum positive detect-
able true difference If n paired sampies
are available and S° is the estimated
experimental error from the ANOVA for
equivalency (based on at least 30 degrees
of freedom! then A can be estimated
approxamately by

A =280\ 25 n

Example calculations of 3. for n =30 and
for various estimates of S-. are shown n
Table 5 Thus. for a sigmificance level of
0.05 and 30 patred samples with an esti-
mated experimental error of 0.008. there
1s an 80 percent chance of detecting a true
difference in method means of at least
0.06 or greater by using statistical tests

Example data set and statistical
anatysis

To illustrate the procedure that is used
in analyzing the data. an example data set
18 analyzed in this section Table 6 1s the
result of the design shown 1n Table 1
Codes for SM and AM are 1 and 3.
respectively In this example. the pee.
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chlorination s:'e s site 1. and the post-
chiorination site 1s site 2. Most of the
results can be obtained by using any
convenient statistical package available
from computer services

Singie-analyst precision. The 12 samples
with multiple determinations are selected.
and the rstimates of precision are calcu-
lated for each method by using aone-way
ANOVA. The data. which are multiplied
by 10toncrease resolution. are presented
n Table ©

Because the data are multiplied by 10.
the variances are muitiplied by 100. Thus.
the varnance es::mates must be divided
by 100 tn obtain the original scale

134 = 000825
a3 © 0.00528

The precisions are then the square roots
of the variances

ay S 00"Yme L
Opee “OT T L

To test for equality the ratio of the
largest variance to the smallest is com-

puted by using the F, test

Fayo 000625 NOOSIB = 118

This value is referred to the appropriate
Fma. statistical table and declared not to
be significant at the 99 percent level of
confidence

The relative precisions may also be
calrylated by computing the single-ana-
ivst precisions as percents of the means
Tahle 81 for prechiorination 1site 1} and
postchiorination (site 2)

Inthis particular case. the prochivrina-
tion means are muck lower than ‘he
postchinrination Tieans. resuiting 18 f-
ferent patterne of relstive precision

582 RESEARCH AND TELHNCLOGY

Nevertheless. the methods are comparable
within each site.

Equivalency testing. The results of the
ANOVA used for comparison [equiva-
lency) testing are shown in Table 9.

The analyst. site. and analyst * site
factors are tested against samples (ana-
lyst ¥ site), a between-sample error term
thatisless precise than the within-sampie
comparisons. Methods. and all interac-
tions with method. are tested against
experimental error. Thus. the method
comparisons are within-sample compar-
1sons and are more precisely determined
than site and analyst comparisons

The estimate of experimental error {531
15 0.01274. This estimate includes varia-
tion resulting from single-analyst preci-
sion as well as other factors not accounted
for 1n the model

Ninety-five percent confidence intervals
on the actual differences for both sites
can now be calculated by using the ex-
perimental error estimate-

D196 25 30

where D = difference in site means. S -
experimental error. and 30 = number of
pairs i1n the test. The results nf these
calculations are given in Table 10

A pronounced site effect (s evident in
the magnitude of the site means and the
interaction of site and method as indicated
by differences in the effect of methods
between sites. The method difference 1s
due to the prechlorination site alone for
which the difference 1s 0.14 mg L. For the
postchlorination site. the observed dif-
ference {0.03 mg L) has 95 percent con-
fidenre intervals that inciude 0 hence
the hypothesisof equality of means canno:
hererertad. Inthis ~asr. the test of methods
isanconciusise despite the strong method

23
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effect 1n the ANOVA. owing to the inter-
action of method and site

The estimated experimental error of
0.01274 would suggest a minimum de-
tectable difference of about 0.07 mg L
with 80 percent power This indicates
that the test is sensitive to small differ-
ences in the method means.

Summary

A statistically designed experiment for
comparison (equivalency) testing of an-
alytical methods used at water treatment
plants has been developed. The design
takes into account the variables most
often encountered in routine water quality
determinations. This design should allow
for the testing of numerous water quality
parameters and for realistic estimates of
single-analyst precision obtained with
minimum involvement of any one treat-
ment plant. Itis possible that the estimates
obtained by using this experimental de-
sign are the best approximation of what
may be encountered i1n any water treat-
ment plant.
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APPENDIX C*

William J. Cocper
Paul H. Gibbs
Edward M. Ott

Perin Patel

BQUIVALENCY TESTING OF PROCEDURES FOR MEASURING FREE
AVAILABLE CHLORINE: AMPEROMETRIC TITRATION, DPD, AND FACTS

Reprinted from JOURNAL AWWA, Vol. 75, No.12
(December 1983), by permission.
Copyright® 1983, The American Water Works Association.

* Note: This Appendix C includes Figure 1 and Tables 1 - 13.
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' Equivalency testing of procedures for
| measuring free available chlorine:

' amperometric titration, DPD, and FACTSi

William J. Cooper, Paul H. Gibbs, Edward M. Ott, and Perin Patel

The results of 192 analyses for free avallable chiorine were obtained from esch of 16
participating laborstories. These data were statistically snalyzed 10 determine whether
the DPD, FACTS. and amperometric titration methods were squivalent. This analysis
indicated that FACTS is equiveient 1o both DPD and amperometric titration.

Chlorine is used in the water treatment
process for various purposes. Of these.
the most common applications are taste
and odor control. color removal, and
disinfection.

The numerous methods available for
determining chlonne residuals in aqueous
solutions!2 include iodometric titration.
amperometric titration, and several col-
onimetnc procedures. [odometnc titration

colorimetric determinations are used in
both the laboratory and the field: the DPD
(N.N-diethyl-p-phenylenediamine}, LCV
{leuco crystal violet). and FACTS (iree
available chlorine test with syringalda-
zine) procedures.

Ail test procedures used for monitoring
in compliance with the National Interim
Primary Drinking Water Regulations
(NIPDWR) must be approved by the US

may be used to e total residuals
>1 mg Cl, L. Amperometric titration is
capable of differentiating among free
chlorine (hypochlorous acid-hypochiorite
ion). monochloramine (NH,Cl), and di-
chloramine (NHCL,) and is generally the
method of choice in the laboratory. Field
measurements are limited by the com-
plexity of the instrumentation. Several

DECEMBER 1983

Envir al Protection Agency.’ This
article reports the results of (1) a com-
parison of the approved standard test
procedure (DPD) with the FACTS test
procedure, (2) a comparison of the FACTS
test procedure with amperometric titra-
tion. and (3) a limited three-way com-
parison of DPD. FACTS. and ampero-
metric titration.
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Methods and materiais

The experimental design and proposed
statistical analysis for this study have
been described in detail previously.
Briefly. two analysts at each water plant
ran a paired sample companison for 30
days. during which 60 sampies were
analyzed—30 by one analyst and 30 by
the other. If prechlorination [before treat-
ment} was practiced, half of the samples
were obtained after prechlorination and
half after postchlorination. Each sample
was analyzed by two methods; this re-
sulted in 60 analyses per analyst or a tota)
of 120 analyses. In addition. for six sam-
ples. each analyst was required to make
four measurements with the standard
test procedure used at that particular
water treatment plant and four mea-
surements with the alternative test pro-
cedure (FACTS). This involved a total of
72 additional tests {36 per analyst}. The
repeated observations were divided be-
tween the prechionination and postchlo-
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- rination sites if prechlorination was limits. The method comparison was a '
o N practiced. Thus, a grand total of 192 within-sample comparison and. thus. not
p - analyses per plant was obtained. affected by sample-to-sample variability.
- For the altsrnative test procedure. a The sample means could therefore vary
FACTS test kit* was supplied to each considerably from day to day without
TS water treatment plant participating in  disturbing the comparison of methods.
T this study. The DPD or amperometric The effects of analyst, site. and analyst x
. procedure normally used at each plant site were between-sample effects and

served as the standard test procedure.

Results and discussion

G i per A m of six
participating laborataries is necessary to
conduct this test. and these must be
representative and geographically dis-
persed water treatment plants. Sixteen
plants cooperated in this particular study.
Ten treatment plants provided results
obtained with the DPD and FACTS
methods. and six plants provided results
obtained with the amperometric titration
and FACTS procedures.

One plant provided results obtained
with the DPD and FACTS procedures as
well as a single amperometric titration
result for each test sample, thus allowing
a limited t -way parison.

Statistical methods. Although the design
used for this experiment has been de-
scribed elsewhere.¢ the main points of the
analysis are described here for clarity.
The single-analyst precision was esti-
mated from the within-sample variation
{36 degrees of freedom) for each location.
Only those samples with multiple deter-
mnations (12 samples with four mea-
surements by each method) were used to
determine the single-analyst precision.
The relative magnitudes of precision were
expressed as percentages (coefficients of
variation) of the site means for each
location. Finally, the variances of the two
methods for each location were compared

therefore not precisely determined by
this experiment because variation in
sample means tends :o inflate the error
term used to test these effects. However,
these effects were iess important than the
method effect. In additioi. the interactions
of method with other effects were also
within-sample comparisons and therefore
also tested in this model against the error
mean square. The analysis was analogous
to a paired t-test. 1n that sample variation
was removed prior to compatison of the
methods. A balanced design with respect
to analyst and site provided additional
information beyond a simple paired t-test
through use of the ANOVA procedure to
analyze the other factors and interactions
in the model.

Power of the method comperisons. Power
refers to the probability of rejecting the
hypothesmis of equality of population
means or to the sensitivity of the statisti-
cal test. Power depends 1n part on the
magnitude of the experimental error rela-
tive to the true difference :n means and on
the sample size. In general. the larger the

ber of ples. the ller the dif-
ference that can be detected. In this ex-
periment 60 samples were taken, 30 from
each site in most cases. Power calculations
have been performed for a range of
experimental errors.¢ From these calcula-
tions it was observed that the experiment
was able to detect small differences in the
method means (from =0.06 mg/L to =0.10

TABLE 1
The ANOV A table for testing method effects
within location

Source | Oegrees af Freedom

Total Y
Maesn i
Between samples 9
Analvst H
Soe t
Andiyst * sife
Sempies ranalvst ¢ sitel »
Within samples o0
Meihod
Method < anaiyvst
Method * site '
Method « andlyst * mte 1
Experimentat erroc il

OPLS Must: vate

N e s .

SALITS Mean saey - 3

Mean \aiyes

|
Location

by the F,, statistical test.’ For this mg:L or greater] when testing at a 0.05 oo il ik

experiment. an F-value of 2.49 or greater  significance level with 80 percent confi- ' . . N

was required to reject the hypothesis of dence. Therefore. in this study. if the F- : Y 158 ™

equality of variances at the 99 percent test indicated a difference in the method , ° 5 -

level of confidence. This analysis com- means. the actual magnitude of the mean ‘e

A pared only the precision of the methods.  differences and the 95 percent confidence 4 0 - .

AR To test for equivalency of methods. an limits on the differences were examined. . a b "l

AT analysis of variance (ANOVA) procedure  This step involved scientific judgment as 8 K

‘S was used.* All 80 samples were used in to what level of difference was opera- " e i -

A order to have a representative range of tionally important. If such a difference - Y )it )
‘:.'_'~ samples. Multiple determinations were could be determined before the exper:- . ° <
l truncated by omitting the extra observa- ment, then the statistical tests could be N 8 Ts

e tions and retaining only the first deter- formulated to test for departures from o 0 .o e
" mination by each method. This was done  that specified value rather than from the :

because multiple determinations do not  zero difference value generally used. It1s Figure 1. Comparison of means for free avail-

b represent true replicates of the methods. important that the definition »f opera- | aole chiorne obra.ned with FACTS ana OPD
: _\’..J owing tocarry-over effects from previous  tionally important differences be deter- | test proceaLres at " water rreatment piants

.4 observations in the sequence. Thus varia- mined prior to conducting the experiment o
.\J'._'f tion among repeated observations was to avoid biasing the defimtion by the .
8 :._d not consuc{ered a ‘;Labl\eve(s)t\l/n:lebt}f efx- experimental outcome.

w perimental error, The A} table for
) 4’;‘- those locations with no missing data is DPD and FACTS sach tocatinn fae the comparison of DPD J
" aiven in Table 1. Single-analyst precimion resutts. Sinie-an-  ana FAC TS .a-riy onecase lncation 4
® A The error mean square. 1.e.. the experi- alyst precision s the stanlard deviarion  was a diifarence tatecterd

noAre son
tetween the ' w e methods 4% 9 percent

Ll
[}
L}

of repeated measurements made un 1
single sample by a single analyst under
uniform conditions.® Table 2 hsts esu-
mates of single-analyst precision within

mental error sum of squares divided by
the degrees of freedom, was used to test
for method effect and to estimate the
.experimental error for use 1n confidence

«

P
»

£

4, 4,0
a3

SHE FACTS® ampy b,
taanart ind

St M e ey o
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TABLE 2
Single-analyst precision for the DPD ond FAUTS tes! procedures
! Sangie- Anslyst Precis:on ]
Single-Analysi Precision As Percent of As Percent of {
mgL® Mesn Mean | Fomes Test of
Location DPDF | FACTS OPD* FACTS DPD* | FACTS Varances
[ oo . 010 [E} 60 [T T 149
2 0.0) | oo02 5.2 3t 4 . 26 o
3 003 5 0.00 40 L] ' 39 N a0 H
4 H 610 ! 017 98 144 20 i 1 313§
3 023 o 146 3 43 148 1 40 H 118
[ 00" i ao” f 1 H n ! LR { n : 1.04
. oos | gor l 187 0 189 FL 32 ;118
] a.08 | o008 i I s : 30 i 186
9 cos | on | i joce L owe | 2o
10 004 | oos | .2 ! 7 4 ! st 110
H : ] ; . i |

*Based on 38 degrees of {reedom after ediusting for between-sampie vanation for esch method

*DPD-colorimetric procedure
iNot applicable

Jp<o01
TABLE 3
ANOV A F-values for experimental factors in the comparison of the DPD
and FACTS test procedures
T Y
Degrees of | Anatyst « | Method * | Method « | Method » Site | Error Mean
Locstion | Freedom |Anaivst| Site (Method| Sire Analvet Sie | = Anaivst Squere:: 0’
' 134 ' 219 | 5388°| s5.ee” 3.2* 057 004 ooa .aze
2 s | oate | s7.00°; s7.02¢ 132 238 08e 02t | 1 sA
3 1.%8 LA H 000 | 35.00° 0.00 458 132 | o2 | 330
4 188 11.00° {190.9° 4.30° m 188 20.48° l 049 B 10 95
b2 1.%8 | 2 | 008 .72 135 117 on N 00l : 10 24
[ 156, 04 | 012, 282 008 000 | o0s2 ; 016 [T
- 158 | 064 1575.9° . 10.30" LELY 008 .29 [ 0%3 1274
[ 158 | 128 RS o 016 | ! 220
9 159 | | oos | i (3¢
10 1 %6 01y | 209 | 1688° | 010 507 082 ‘L 1m { 908
*p <00
TABLE 4

Paired mean differences and 95 percent canfidence intervais for the comparison of the DPD
and FACTS test procedures®

Prechiorination Sue I Postchlorination Site
1 88 Percent [ 95 Percen:
Sampie Means Difference f.' f !S-mple Means l Difference ! Canfidence
Location| Size DOPD FACTS|IDPD-FACTSI: Intervel ' Swue  DPD FACTS (DPD - FACTSI interve

1 0 [1e8] 188 ! 022 0t 029 28 [o® 073 020 01 o2
2 0 0sa i o064 : -a08 F-O“; 004 30 07 [ -008% '.00% 001
3 0 o075 oss ' 01° { oos 0251 30 jo* ose 02 01 01
4 30 1oz 118 | -018 021 -011! 30 os® oar ! coa 60y o)
s 0 {187] 147 ) 010 008 015 30 liu 10 008 903 01
s o 2231 228 -008 011 001 J0 223 228 002 j-008 004
b 0 081 03" 014 o008 020/ )Y ‘lmw LI R 002 L 00, 008
s | 6 210 1 oo 1001 010
9 | ’ ] | e lrosi 108 | 001 |.000 o003
10 | 10 loee oes 000 | 004 013 20 [oas| 0°y 008 001 o1

*Confidence 1ntervals besed on mean square error from ANOVA ¢ 3 =198 251 m where 3 » abserved difference
in means S?= mean square error from ANOVA snd m = number of sample pairs

TABLE S
Paired t-test resulits for the comparison of DPD and FACTS means at each location by site
| | 95 Percent
“eans . | . Canfidence)
—_— Oifference Number of | Standard Error: Limis on  Parred
Site . DPD |FACTS 1DPD - FACTS Pairs  of Drfforence  Drifervnce  : Test  p Vaiue
Prechlonnstion 1188 | 1128 odse [ 004 | .c08 01° 120 0z
Posichlorinetion ! 1381 1223 J'L 0 088 ! 10 | 2029 I oon 03! 1 LY

/

level of confidence. In all other cases. the
methods had comparable precision. vary-
ing from 2.0 percent to 18.9 percent of the
respective site means. In one case {location
3) the estimate of precision was 0.0
because all repeated observatinns were
the same for the pver method. For this
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location. no comparison of precision could
be made
Oversll. no systematic effect was ob-
served between methods. sometimes
FACTS had smalier relative percent pre-
cision than DPD and sometimes it did not
Equivelency test resuits. The ANOVA F.

27

values and estimated error mean squares

(% 10?) for the comparison of the DPD and "

FACTS test procedures are reported in
Table 3. For all resuits. o = 0.05 was used
as the level of significance. A consistent
method effect was detected in all but two
cases (locations 6 and 9}. Sporadic inter-
actions of method with other factors were
detected. but in general, the data show
few interactions. A pronounced site effect
was detected in four of the eight locations
that had more than one sampling site.
Only one location had an analyst effect
{location 4): although measurements by
analyst 2 tended to be higher than those
of analyst 1, no effect of analyst x method
was detected for this location. indicating
that the method differences were com-
parable for each anaiyst. A puzzling
reversal of the relative magnitudes of the
method means across the two sites was
detected for location 4 (Table 4}. making
the F-test for method meaningless.
Another case of interaction (method *
site for location 7) aiso resulted in a
meaningless F-test for method. as did the
interaction of method > analyst atlocaticn
3. Thus. three of the eight cases of
statistically significant F-tests for method
were statistically meaningless because of
interactions. leaving five cases of method
differences. Owing to previously dis-
cussed considerations of the power or
sensitivity of this test, however. 1t was
necessary to evaluate the actual magm-
tude of the mean difference for each
location and site.

Table 4 shows that the absolute value
of the method differences varied from
0.01 10 0.23 mg Cl. L. In no case did the
upper or lower 95 percent confidence
limit on the difference :n means exceed
0.31 mg L in absolute vaiue. Tollustrate
the spread of these differences. a graph of
DPD versus FACTS mean values s shown
in Figure 1 The 45° line represents no
difference 1n means This graph shows
the wide range of samplie values in this
experiment The dispersion of paints
above and below the line indicates no
pronounced bias toward either method
Because the original F-test 1s extremels
sensitive tlodepartures from this 45° line.
a further analvsis was performed For
each site. the individual pairs of mean
values were subjected to a parred (-test
In this case the data for each location
were reduced to a mean value for each
method at each site Svstematic depar-
tres from the 45° line were then tested
across locations The results in Table 5
indicate no statistical difference between
the methods at the prechiorination site (p
= 0.27) and marginal difference (p =
0.042} at the postchlorination site Further
the 95 percent confidence limits an the
difference |DPD - FACTS) for the post-
chiorination site were from near 0.0 tn
013mg L.indicating a marginal difference
in the method means This analysis sup-
ports the hypothesis that the departures
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of the points from the 45° line 1n Figure 1
are due to chance sample deviations of
the means rather than to a systematic
difference between methods.

Amperometric titrstion and FACTS

precimon results. Estimates
of singie-analyst precision within each
location for the comparison of ampern-
metric titration and FACTS are listed 1n
Table 6. In three cases {locations 12. 14,
and 15}, a difference in precision was
detected at the 99 percent level of confi-
dence. At location 12 the FACTS test had
a single-analys! precision twice that of
the amperometric titration. At location 14
precision with the FACTS test was four
times higher than that with the ampero-
metric titration. The greatest difference
was observed at location 15. with the
single-analyst precision of the FACTS
procedure being five times that of am-
perometric titration. In all cases the
magnitude of precision was <10.9 percent
of the mean. and the absolute magnitudes
of single-analyst precision were all <0.15
mg Cl, L.

Equivaiency test resuits. The ANOVA F-
values and estimated error mean squares
(x 10% for the comparison of the am-
perometric titration and FACTS test pro-
cedures are reported in Table 7. At the
0.05 level of significance. a method effect
was detected in all but two cases (loca-
tions 11 and 16). Several interactions of
method with other factors were detected.
but. in general. the data show few inter-
actions, a pattern similar to that found in
the companison of the DPD and FACTS
test procedures. Of the four locations at
which the procedures were tested at two
sites. three showed significant site effects.
Inonly one of these cases was an interac-
tuon of method x site detected {location
13). Table 8 shows that at this location.
there was nearly a fourfoid difference in
the method differences between the two
sites. Thus. no clear evaluation of methods
was possible for this location.

At locations 15 and 18 variation be-
tween analysts and interactions of method
=< analyst were found. For location 15. the
method effect was entirely due to the
second analyst {Table 9). Thus. the meth-
od effects could not be evaluated. An
interaction of method < analyst was also
found at location 16. In neither case.
however. was the difference due to meth-
ods significant at the 0.05 significance
level.

Thus. a method difference was detected
for four of s1x locations. Results at two of
these locations have ambiguities related
either to site or to analyst interactions
with method. For neither of the remaining
two locations [{locations 12 and 14) at
which method effects were clearly indi-
cated did the upper or lower 95 percent
confidence bound on tne difference exceed
0.31 mg L in absolute value [Tabie 8).

To llustrate "he spread of these differ-
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TABLE 6
Single-analyst precision for the amperometric titration and FACTS test procedures
t Singie-Analvs! Precision !
| Sinmie-Analvst Precision As Percent of i As Percent of
| me L Prechlorination Mean |  Postchiorination Mean | ,
Femas Test of
Locatian | AMP* FACTS AMP FACTS AMP | FACTS Veriances
1 08 005 .1 TR I j 10w
12 Y 1} 0068 | 28 49 ! 208
13 00e 0o0e 19 22 LY 83
" 002 008 18 50 13 ae
15 003 01s . 18 I 9=
18 | o086 006 109 | 1 R Jo 108

*Besed on 38 degrees of fresdom aftec adiusting for between.
*Amperometric itralion

-sampis varation for each meihod

pe 00t
TABLE ?
ANOV A F-values for experimental factors in the comparison of the
amperometric titration and FACTS test procedures
T T T T
| Degrees of ! ‘I Anaiver » | Mathod - | Method = | Method - Site | Error Mesn
Location | Freedom Ansiyst, Sue | Method Site 1 Analyst Site = Anslyst  (Square = 10*
1 156 006 i mreel 117 e ] o oon I e o
12 188 020 13.0¢° 000 FRs!
13 138 025 |arrre l2ie4° 020 | ooz [y 000 212
14 156 016 | 232 14 ! 040 i om [ ] 248 1% %4
1s ] 1 e | ! [oear 81t
w1 13 Seac (e1° . 300 ' 000 | se 189 13° s 8e
*p<00S
TABLE 8

Paired mean differences and 95 percent confidence intervals for the comparison
of the amperometric titration and FACTS test procedures

Prechiorination Site Postchioninstion Site
1 95 Percent H | 9% Percent
Sample [__Msnt flerence | Conf Semple |12 _! Oitterence | Contidence
Location| Size AMP'IFACTS |AMP - FACTSI  Intervai Size | AMP|FACTS [IAMP - FACTS!  Interva
w » 148 Lan 323 ‘I-M\ 007 W R -0 -0y o004
12 ) 60 liov! 122 013 R E
13 30 [208) 200 -061 -088. 054 30 |09 0% 01
4 w0 (18] 181 028 03t -019] 30 Jise 17 0
15 b %0 | tedi 154 o0
18 | 3 Joss| oss -001 [-006 003 30 '19v{ 200 | -004

*Amperometnc titration

e

ences. a graph of amperometric titration
versus FACTS mean values is shown in
Figure 2. Throughout the range of 0.55 to
2.7 mg Cl,'L it appears that the results
obtained with the FACTS procedure were
slightly higher than those obtained by
amperometric titration: i.e., the points fall
below the 45° line. The significance of
this observation was tested by using a
paired t-test for each individual pair of
mean values at each site. The results in
Table 10indicate no statistical difference
between the methods at the prechiorina-
tion site (p = 0.21) or at the postchlorina-
tion site (p = 0.12). The 95 percent confi-
dence limits on the differences for the
prechlorination and postchlorination sites
include zero: therefore, no statistically
significant difference was detected. As
was the case for the comparison of the
DPD and FACTS. this analysis supports
the hypothesis that the departures of the
points from the 45° line in Figure 2 are
due to chance sample deviations of the

28

means rather than to a systematic differ-
ence between methods.

Amperometric titration, DPD, and
FACTS

At location 6. measurements were ob-
tained with the DPD and FACTS test
procedures. and. in addition. a single
measurement of each sample was obtained
by using amperometric titration. Single-
analyst precision estimates were not
possible because multiple observations
were not conducted for the amperometric
titration method. The ANOVA F-valyes
for the three-way comparison are sum-
marized in Table 11. The only effect
detected was a difference in methods. The
observed means and paired mean differ-
ences are shown in Table 12.

There was no difference detected be-
tween the DPD and FACTS test proce-
dures. The amperometnic titration differed
from both DPD and FACTS test proce-
dures at the 0.05 level of significance. The
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TABLE9
Ancalyst and method effects at locations

15 and 16 [

] Location 15 Meana® | Location 16 Means®

Anaiyer [ AMPe T FACTS T amP [ FaCTS

1 163 184 1) 120
H 183 HC IR b * 36
“n =30
*Amperomerr.. ‘itranon
TABLE 10

Paired t-test results for the comparison of amperometric titration and FACTS meons
at each location by site

| T 93 Percem !
Means . Confidence|
— Orfference Number of | Siandard Error| Limits oo Puired
Sie {AMP* | FACTS | (AMP - FACTS| Pairs of Difference | Difference t-Test P Value
Prechiorinetion e 158 ! -022 4 014 ©087.022 138 021
Pestchiorication | 148 188 l -0 00 L] 005 ~0.20. 0 03 187 012
* Amperometric fitration
TABLE 12

Paired mean difference ond 95 percent

confidence intervais for the three-way

comparison of amperometric titration.
DPD. and FACTS

>
e ®
§
H
i .
§
i
x
v
H
§
i
2 o e AR 1 28 2% 3o
FACTS Mugen voimt =g C;
l Mearn Vaiues
! Amperometric
Location i Symbot Tirenon | FACTS
1 | 0 146 148
| [ad 182
12 0 107 122
13 L] [ 208 269
0ve 096
w | A ; 138 161
| 154 ' 178
18 A 1} ! 164 " 15¢
18 ! Q | [ X1} 08
| | 1t | o
_

Figure 2. Comparison of means for free avail-
abie chionne obtained with FACTS and
amperometric titration at six water treatment

TABLE 11 — plants
ANOQVA F-values for experimental lactors
in the comparison of the amperometric Isﬂw‘* ! i
AMP* 1 DP :
titration. DPD. and FACTS test procedures Suee Stze - oeo | FACTS
e v30 213 EEE) 22
Degrees of ! Poatchlorination S 1 1 ] 228 Singl | TABLE 13 ¢
Factors Freodom FoVelue Oversil .0 213 1o ingle-analyst precision as percent o
+ the mean ot the postchlorination site
Ansivst 1 | o8 Oversll Comparison
Site ! 1 a0? 95 Percent Range of ‘ Number of
Anatyst « site oy o Mesn | Confidence | Single-Ansiyst| Water
Uethods L R oaid Companson - Difference| — Limt . p-Velue Test Procedure Precision i Trestmen: Plants
Methods « snalve 2 I 02° + +
Methods + wite i o DPD-AMP 009° ., 0038 0133) 0000 Amperometeic titralion 13- []
Methods = wiie - anelvs! 2 | on DPD-FACTS -0 038 <604 DOOS!| OO"A DPD 20-148 l 10
Error mesan squere” .- 10 12 11 5% FACTS.AMP ] 0132 0093 017 1 00001 FACTS 00-140 : 18

tre 008

"Amperometric Hirshion

_J

absolute magnitude of the differences
was <017 mg Cl, L in both cases.

These data allowed a three-way com-
parison of the amperometric titration,
DPD and FACTS test procedures. How-
ever. because this comparison was tested
at only one location without replicate
measurements. no generalized conclu-
sions could be drawn from this analysis

Conclusions

1 The FACTS and DPD test proce-
dures for measuring free chlorine are
equivalent *

2 The FACTS and amperometric test
procedures for measuring free chlorine
are equivalent

3 Single-anaiyst precision. expressed
as 4 percent ~f the mean at the postcrio-
rination site for eacn test procedure. s
summarized in Table 13
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APPENDIX D

Nationwide Approval of Alternate Test
Procedure for Free Chlorine Residual
FACTS

(Free Available Chlorine Test with Syringaldazine)
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
CATE SEP 7 1982

SUBJECT Nationwide Approval of Alternate Test Procedure for Free Chlorine
Residual .
FROM 1 D.

Victor irector
Office of Drirking Water (WH-550)

to : -
Regional Administrators

§

A
A |

)
&t
FRNE Nl

Listed below is an alternate cest procedure for determining free
chlorine residual by a colorimetric method which I have approved
for nationwide use for '"National Interim Primary Drinking Water

Regulation" (NIPDWR) compliance monitoring.

AMG

The principle of this method is the oxidation of syringaldazine
(3,5~-dimethoxy-4-hydroxy-benzaldazine) by free available chlorine
on a 1:1 molar basis to produce a colored complex which is then
measured at 530 nm. The complete method write-up is provided in
the 15th edition of '"Standard Methods for the Examination of Water
and Wastewater', pages 298-301. A report entitled, “Equivalency
Testing of the Free Available Chlorine Test with Syringaldazine,
FACTS" indicates that this method is comparable to the USEPA
approved DPD method for NIPDWR compliance monitoring.

M-~zuroment Method
Free Chlorine Residual Method 408G -

"Syringaldazine (FACTS) Method"

cc: Robert L. Booth, Acting Director, -EMSL
Regional Water Supply Representatives
Regional Quality Assurance Officers

prH

CEP 1 3 1982
LTS)‘:?—C’O,H[
§Y5¢ oL

EPA Farm 13204 (Rev. 3.74)
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